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GRAVITY EXERTS MAJOR INFLUENCES on animal physiology and behavior, including homeostasis (72) . A central event in evolution was the development of strategies and structures to receive and transduce gravitational force into a biologically relevant signal (77) . Gravity is perceived directly at the cell level, and in multicellular organisms the nervous system also perceives and processes gravitational signals. Deviations from Earth's 1-G environment are associated with significant physiological changes in mammals, including altered reproductive capability (8, 45, 52, 53, 56, 68, 76) .
In Earth's 1-G environment, metabolic adaptations occur during pregnancy and lactation through coordinated changes in mammary, liver, and adipose tissue metabolism that do not jeopardize maternal homeostasis or fetal and neonatal health (9) . Exposure of pregnant rats to microgravity during spaceflight increases mammary metabolism (55) , while exposure to 2-G hypergravity (HG) reduces mammary metabolism as well as alters metabolic rate in liver and adipose tissues during pregnancy and early lactation (45, 53, 56, 60) . A highly significant continuum of mammary metabolic response was found across five gravitational loads, indicating that metabolic activity decreases as G load increases at a constant rate (56) .
Reduced metabolic activity in HG-exposed dams was accompanied by a 50% reduction in pup survival rate during lactation. However, if neonatal pups were removed from the HG environment and cross fostered to nonmanipulated dams, mortality did not occur (4) . Although HG-exposed dams had reduced body fat and mass, these factors did not account for altered rates of lipid metabolism in mammary, liver, and adipose tissues or decreased neonatal survival (45) . In addition, neither prolactin nor glucocorticoid supplementation reversed the HG-induced reduction in metabolic rates (53) , together suggesting that factors other than circulating lactogenic hormone levels and dam body composition were negatively affecting the dams' adaptive responses needed to support lactation. Further exploration of data revealed exposure to 2-G HG significantly affected maternal circadian behavior and hepatic and mammary circadian clock dynamics, thus leading us to hypothesize a link between failure of dams to respond to metabolic demands of lactation and circadian system disruption (16) .
Gravity alterations experienced by astronauts are believed to be the primary environmental factor affecting physiology and health during spaceflight, including immune system dysregulation, musculoskeletal changes, and endocrine and neurological alterations (30) . Adverse effects of microgravity have much in common with health problems on Earth related to low physical activity or less mechanical loading (44, 78) . For example, bone and muscle loss as well as immune system dysfunction are some of the main consequences common to both extended spaceflight and physical inactivity such as that associated with the aging population and people suffering from degenerative disorders. Furthermore, physiological effects of gravity alterations appear to have a continuum of response across gravitational fields supporting the use of HG studies to predict responses to spaceflight (79) . Thus investigations of the impact of changes in gravity on physiological function and behavior provide a paradigm for studying causative relationships in the development of diseases on Earth, with HG serving as an extrapolative model.
The completion of the first draft of the human genome sequence in 2001 was accompanied by the advent of highthroughput techniques that enable analysis of global changes in gene expression. Several large-scale genome-wide studies have been carried out to understand the impact of gravity at the level of the transcriptome using mRNAs from a variety of organisms including human, rat, mouse, xenopus, yeast, Caenorhabditis elegans, and Drosophila with the goal of understanding the impact of gravity alterations on physiology. The majority (about two-thirds) of these studies measured gene expression in cells grown in some form of simulated microgravity (18) ; however, the number of studies investigating the impact of alterations in gravity on mammalian transcriptomes is very limited, with previous investigations focusing on immune system, bone, and muscles primarily using cell culture models (18) . Here we investigate the effects of gravity on reproducing female mammals by analyzing global transcriptional differences between control and HG dams during the periparturient period to determine the effects of HG at the level of the dam's transcriptome. Mammary transcriptomes from late-pregnant dams exposed to microgravity were also analyzed. Thus the ensuing descriptions of the impact of gravity on mammary, liver, and adipose transcriptomes build upon our foundational spaceflight-and ground-based studies. Combined they describe adaptive responses of pregnant and lactating female rodents at multiple levels of the organism (spanning behavior to metabolism to the transcriptome) to alterations in gravity and the impact of these responses on the survival of their offspring (2, 3, 5-7, 13, 16, 45, 52, 55, 56, 59 -69, 76, 84) .
METHODS
Animals and treatment conditions. All animal procedures were approved by the National Aeronautics and Space Administration (NASA) Ames Research Center Institutional Animal Care and Use Committee. Time-bred female Sprague-Dawley rats (Taconic Farms, Germantown, NY) were assigned to either pregnant or lactating groups. For spaceflight studies female rats (n ϭ 4) were flown aboard the Shuttle Discovery, STS-70, beginning on pregnancy day 11 [flight (FLT)], within 1 h after shuttle landing on pregnancy day 20 (P20) mammary tissue was collected and submerged in liquid nitrogen. A FLT control group (n ϭ 4) was time-delayed 48 h [flight delayed synchronized (FDS)] to mimic conditions of the flight group (for details see Ref. 55) . For HG studies rat dams on pregnancy day nine (P9) were assigned to either 2-G HG or 1-G control conditions. Other than 2-G exposure on a centrifuge from P9 to P20 or lactation day 1 (L1), HG and control animals were exposed to identical environmental conditions (light, sound, temperature, and humidity) as previously described (45, 53) . Animals were euthanized at the same time of day on P20 and L1 to account for diurnal variations. For the L1 group, real-time videography was used to identify the precise time of birth for each dam, and dams were retrieved within 18 to 36 h following birth. Mammary, adipose, and livers were removed from dams following euthanasia.
RNA preparation for microarrays. Total RNA isolated from tissues of pregnant and lactating rats (n ϭ 5 animals per treatment/physiological state) for HG study, and mammary only from spaceflight exposure study (n ϭ 4 animals per treatment). RNA was reversed transcribed into cDNA, labeled, and hybridized to Rat 230 2.0 GeneChips (Affymetrix, Santa Clara, CA) as previously described (15, 51) . Microarray data are publicly available through the Gene Expression Omnibus website (http://www.ncbi.nlm.nih.gov/geo/) with the accession number GSE12132.
Gene expression analysis was performed using BioConductor version 2.0 software (24) . Data preprocessing was performed by the robust multiarray analysis method, which includes a quantile normalization step, across arrays as implemented in the BioConductor package (11, 24, 36) . Differential expression analysis was tested by moderated t-tests from gene-specific linear model analysis with gravity as a fixed effect and implemented in the MAANOVA (microarray analysis of variance) package of R (19, 82) . To control for multiple testing corresponding nominal P values were adjusted by the false discovery rate method (FDR) of Benjamini and Hochberg (10) .
The Functional Annotation Tool available through the Database for Annotation, Visualization and Integrated Discovery (DAVID) v. 6.7 (http://david.abcc.ncifcrf.gov/; Refs. 32, 33) was used to identify and analyze gene sets significantly enriched with genes differentially expressed between treatments at nominal P Ͻ 0.01. GeneCard was queried to determine function of genes (http://www.genecards.org; Ref. 73) .
Isolation of total RNA and real-time quantitative polymerase chain reaction. Total RNA was extracted and prepared for RT quantitative polymerase chain reaction (q-PCR) as previously described (53) . The following TaqMan Assays-on-Demand Gene Expression kits (Applied Biosystems) were used for q-PCR analysis: aryl hydrocarbon receptor nuclear translocator-like (ARNTL, Rn00577590_m1), RARrelated orphan receptor A (RORA, Rn01173769_m1), neuronal PAS domain-containing protein 2 (NPAS2, Rn01438223_m1), basic helixloop-helix, member 40 (BHLHE40, Rn00584155_m1), casein kinase I isoform epsilon (CSNK1E, Rn00581130_m1) nuclear receptor subfamily 1, group D, member 1 (NR1D1, Rn00595671), glucose transporter 1, GLUT1 (SLC2A1, Rn01417099_m1), glucose transporter 4, GLUT4 (SLC2A4, Rn01752377_m1), sodium-dependent glucose cotransporter, SGLT (SLC5A1, Rn01640634_m1), insulin receptor (INSR, Rn00690703_m1), insulin receptor substrate 1 (IRS1, Rn02132493_ s1), insulin receptor substrate 2 (IRS2, Rn01482270_s1), fatty acid binding protein 1 (FABP1, Rn00664587_m1), fatty acid transport protein 1, FATP1 (SLC27A1, Rn00585821_m1), caveolin-1 (CAV1, Rn00755834_m1), and caveolin-2 (CAV2, Rn00590969_m1). ␤-2-Microglobulin (B2M, Rn00560865_m1) and ␤-actin (ACTB, Rn00667869_m1) were used as the reference genes. Relative gene expression (RQ) was calculated according to the following equations: ⌬CT (individual animal) ϭ CT (target gene) Ϫ CT (reference gene); ⌬⌬CT (individual animal) ϭ ⌬CT (individual animal) Ϫ ⌬CT (mean control for respective study); relative expression (RQ) ϭ 2 Ϫ⌬⌬CT ; where CT ϭ cycle threshold. A Student's t-test was run using SPSS to determine the statistical significance of gravity load on relative gene expression levels measured by q-PCR.
RESULTS

Impact of gravity alterations on global transcriptomes in
late-pregnant and early-lactation rat dams. Analysis of differential expression between rat dams exposed to microgravity (FLT) and their controls (FDS) showed a significant impact of spaceflight on mammary transcriptome in late pregnancy. Sorting by nominal P value Ͻ 0.0001, 0.001, and 0.01, revealed 32, 103, and 491 Affymetrix probes, respectively, were differentially expressed in mammary between FLT and FDS dams (Table 1) . The maximum FDR values of 0.09, 0.29, and 0.62 correspond, respectively, to each P value cut-off. To cast a wide enough net for subsequent functional analysis of the impact of spaceflight on mammary transcriptome, we used the 491 probes that passed the nominal P value cut-off of Ͻ 0.01. Although FDR ϭ 0.62 may be considered a lenient cut-off, data of this nature are limited, and MAANOVA is a fairly conservative approach to calculate FDR of differentially expressed genes (83) . Furthermore, it is well documented that small sample size tends to result in higher false negatives with multiple testing (54) , thus supporting the more lenient FDR cut-off used.
Heat maps of gene expression levels in late-pregnant and L1 dams showed that exposure to HG had a significant impact on hepatic and mammary transcriptomes that varied with physiological state (pregnant vs. lactating; Fig. 1 , A and B) but only minimally affected adipose transcriptome (data not shown). Further analysis of differential expression in liver from control and HG-treated dams on P20 revealed that exposure to an HG environment significantly affected hepatic transcriptome (Table 1). There were 572 Affymetrix probes differentially expressed in liver tissue between HG and control dams at nominal P value cut-off of P Ͻ 0.01 (FDR values Յ 0.5). At a nominal P value cut-off of P Ͻ 0.01, 232 were differentially expressed in mammary between HG and control dams; however, all but two probes had FDR values well over acceptable values (Table 1) . Similarly, 119 probes were potentially differentially expressed in adipose according to the nominal P value cut-off of 0.01; however, no gene had acceptable FDR values (FDR Ͼ 0.9). Thus exposure to an HG environment from P9 to P20 affects hepatic transcriptome but has a minimal impact on global expression profiles in mammary and adipose tissues ( Table 1) .
As rat dams transitioned into the state of lactation the impact of the HG environment on mammary and hepatic transcriptomes significantly increased. The number of Affymetrix probes differentially expressed in hepatic tissue at nominal P value cut-off of Ͻ0.01 between HG and control dams was nearly doubled from late pregnancy to the onset of lactation (Table 1 , FDR Յ 0.31). The mammary transcriptome was even more dramatically affected by the transition to lactation, with the number of differentially expressed probes at P Ͻ 0.01 between HG and control dams increasing to Ͼ3,000 (Table 1 , FDR Յ 0.10). In contrast, HG exposure did not significantly affect adipose transcriptome on L1. Together, findings indicate that the impact of gravity alterations is dependent on tissue and physiological state.
Effect of spaceflight on mammary transcriptome in late pregnancy. The majority of genes differentially expressed in mammary between FLT and FDS treatments were upregulated (343 Affymetrix probes) because of exposure to spaceflight (Fig. 2) . Functional annotation analysis was used to cluster genes affected by spaceflight into ontologies (Supplementary  Tables S1 and S2) . 1 Further queries revealed spaceflight exposure affected genes that regulate lipid metabolism. Genes that stimulate lipid catabolism were downregulated, and genes that are involved in lipid biosynthesis were upregulated in mammary from FLT dams (Fig. 3A) . Interestingly, expression of the milk protein whey acidic protein (WAP), as well as expression of factors that regulate intracellular transport, was upregulated in mammary because of exposure to spaceflight.
Cytokine and immune cell signaling and cellular stress response genes were also affected by spaceflight, and pathways potentially affected expression of genes that encode cellular structural proteins (Fig. 3A) . Downregulation of cyclin D2, multiple cell division cycle genes, and the mitosis regulator motor protein, kinesin family member 11 (KIF11), with concomitant upregulation of the cyclin-dependent kinase inhibitor CDKN1A, a.k.a. p21/WAF1/CP1, suggests that cell proliferation was decreased in mammary of FLT dams.
The downregulation of arginine vasopressin receptor 1B and upregulation of angiotensin I converting enzyme and angiotensinogen in mammary of FLT dams suggest that vasopressin and renin-angiotensin systems were affected by spaceflight.
Exposure to spaceflight also affected several circadian clock regulators: activity-dependent neuroprotector homeobox (ADNP); nuclear factor, interleukin 3 regulated (NFIL3); neuronal PAS domain protein 2 (NPAS2); and period homolog 2 (PER2) (Fig. 3A) . Changes in core clock genes and clock regulatory genes were validated by q-PCR (Fig. 3B ).
Global analysis of the impact of spaceflight on the mammary transcriptome indicated that chromatin may be modified by exposure to microgravity. DNMT3 that encodes DNA (-cytosine-5) methyltransferase 3␣ was significantly downregulated in dams exposed to spaceflight. Three Krüppel-like factors (KLF4, KLF5, KLF15), which are a zinc finger family of transcription factors that regulate cellular differentiation and tissue development in part via chromatin modification, were upregulated. FOXN3, a member of the forkhead/winged helix transcription factor family that plays important roles in regulating the expression of genes involved in cell growth, proliferation, differentiation, and longevity, was also upregulated in FLT animals.
Impact of HG on liver transcriptome during late gestation. Of the 572 probes differentially expressed in liver tissue of late-pregnant rats between HG and control dams, a little less than half (254, P Ͻ 0.01) were downregulated in the HG environment. To gain insight into the function of genes downregulated by HG exposure in liver on P20, we used DAVID functional cluster analysis to sort genes (Supplemental Table  S3 ). Response to glucocorticoid stimulus, cellular amino acid biosynthetic process, and DNA replication were among the most enriched biological process clusters with downregulated 1 The online version of this article contains supplemental material. genes. Further analysis of the function of downregulated genes in these clusters showed that they played roles in regulation of progression from G1 to S phase of the cell cycle and DNA replication and repair or were common transcription factors. HG exposure also significantly downregulated genes involved in amino acid and fatty acid metabolism. Hepatic expression of PCK1, which encodes phosphoenolpyruvate carboxykinase 1 (a.k.a. PEPCK), the enzyme that is a main control point for the regulation of gluconeogenesis, and GYS2, which encodes glycogen synthase 2, the enzyme that controls the rate-limiting step in glycolysis, were also significantly downregulated in HG both during pregnancy and lactation (Fig. 4) .
Functional annotation analysis of genes upregulated in late pregnancy in hepatic tissue due to HG exposure revealed enrichment of ontologies that were indicative of cellular stress, including cellular response to stress and regulation of apoptosis (Supplemental Table S4 ). Within these clusters were nuclear factor-like 2 (NFE2L2) and NUAK2. NFE2L2 functions as a transcription factor that induces the primary cellular defense against the cytotoxic effects of oxidative stress. NUAK2 encodes a stress-activated kinase that is activated to mediate tolerance to glucose starvation. Also among these genes was p21 (CDKN1A, a.k.a. CIP1/WAF1), a potent cyclin-dependent kinase inhibitor. The p21 protein binds to and inhibits the activity of cyclin-CDK2, -CDK1, and -CDK4/6 complexes and thus functions as a regulator of cell cycle progression at G1 and S phase.
Examination of genes upregulated in liver of HG dams in late pregnancy (318, P Ͻ 0.01) clustered in the biological process ontology regulation of generation of precursor metabolites revealed multiple genes that regulate glucose homeostasis. Among these are two genes, PPP1R3C and PPP1CB, which encode subunits of protein phosphatase 1 and play crucial roles in the regulation of blood-glucose levels in the liver and glycogen metabolism. Other genes of interest are CISD1, which encodes a protein that plays a key role in regulating maximal capacity for electron transport and oxidative phosphorylation; insulin receptor substrate 1 (IRS1), which mediates the control of various cellular processes by insulin; and glucokinase (GSK).
Impact of HG on liver transcriptome at the onset of lactation. Almost twofold more genes were downregulated (683 Affymetrix ID) than upregulated (348 Affymetrix ID) in liver of HG dams on L1. Genes upregulated in the HG environment clustered into ontologies indicative of energy generation including mitochondria (53 genes); cellular amino acid catabolic process (9 genes); the KEGG pathway oxidative phosphorylation (14 genes); lytic vacuole (9 genes, Supplemental Table S6 ); as well as valine, leucine, and isoleucine degradation pathway (Fig. 4) . Twenty-one genes upregulated in liver of HG dams also clustered in the cytoskeleton ontology.
Functional annotation analysis of genes downregulated in liver of lactating dams exposed to HG revealed 28 genes clustered in lipid biosynthetic process and 11 genes (out of 17 total, i.e. ϳ65%) in the KEGG steroid biosynthetic process pathway were downregulated in liver of HG exposed rats on L1 (Supplemental Table S5 ). Downregulated genes also clustered in the protein folding (11 genes) and glucose metabolic process ontologies (8 genes). Genes up-and downregulated in the HG environment clustered in the KEGG insulin signaling pathway were further examined, as insulin plays a central role in regulating glucose homeostasis (Fig. 4) . Eight of the 12 genes clustered in the insulin signaling pathway were downregulated in HG, including acetyl coenzyme A carboxylase (ACACA), fatty acid synthase (FASN), and glucokinase (GK), while genes that encode insulin receptor substrate 3 (IRS3), fructose-1,6-bisphosphatase (FBP) and flotillin 2 were upregulated. These transcriptional signatures support the idea that alterations in gravity have a significant impact on key metabolic processes in the liver, with HG stimulating an increase in expression of genes needed for cellular energy and substrate (glucose) production, and a depression in lipogenic processes (Fig. 4) .
Impact of HG on mammary transcriptome at the onset of lactation. Exposure to HG from gestation day 9 to L1 had a significant impact on the mammary transcriptome. Levels of 1,711 and 1,320 Affymetrix probes were significantly (P Ͻ Table S7 receptor genes within these ontologies was previously measured and thus validated by q-PCR (16, 45) . Also found in this cluster were PMCH and PTHLH, which respectively encode promelanin-concentrating hormone and parathyroid hormonelike hormone. The transcriptional signature of genes upregulated in mammary in the HG environment on L1 includes clusters of genes in vacuole (41 genes), KEGG pathway lysosome (24 genes, Fig. 5B ), response to wounding (48 genes), cell migration (34 genes), regulation of programmed cell death (66 genes), fatty acid ␤-oxidation (10 genes), and response to oxidative stress (23 genes) ontologies (Supplemental Table S8 ). Within the response to wounding cluster were two annexin genes, ANXA5A and ANXA8A. Annexins are important in various cellular and physiological processes such as providing a membrane scaffold, which is relevant to changes in the cell's shape. Upregulated genes clustered in the response to wounding ontology also encoded proteins involved in regulation of the complement system and chemokine/cytokine chemokine signaling pathways, including IL10 and IL4 receptors, JAK2 and STAT3, and multiple chemokines.
On L1 there were several genes up-or downregulated by exposure to HG genes clustered within the gene ontology chromosome/chromatid that are implicated in mediating epigenetic changes of DNA. Expression of DNMT3A, two forkhead box genes (FOXP1, FOXQ1), as well as several Krüppel-like factors (KLF4) was upregulated because of exposure to HG. Downregulated genes include DNMT1 and CBX5. CBX5 encodes heterochromatin protein-1, which is a methyl-lysine binding protein localized at heterochromatin sites, where it mediates gene silencing, and has been shown to interact with DNMT3B and histone deacetylase 5. DNMT1 encodes DNA methyl transferase 1, which is responsible for maintaining methylation patterns established in development and maintaining epigenetic inheritance.
Genes commonly altered in mammary by spaceflight and HG.
To analyze whether changes in gravity affect similar genes and systems across gravitational loads and among different tissues, we search transcriptomes for genes commonly affected by spaceflight and HG. Of the 572 and 491 Affymetrix probes affected by exposure to HG and spaceflight in the liver and mammary, respectively, during late pregnancy, 16 (15 unique genes, Fig. 6 ) were common among the tissues. Genes within this group include the tight junction protein claudin 1 (CLDN1), the cyclin-dependent kinase inhibitor p21 (CDKN1A), and KLF15.
At P Ͻ 0.01, 104 unique genes (113 Affymetrix probes) were commonly affected in FLT mammary on P20 and HG mammary on L1 (see Supplemental Table S10 for functional annotation analysis of these genes). Fifteen genes were downregulated by spaceflight and HG, with seven of these genes involved in regulation of progression through the cell cycle (CDC20, CDCA3, CDCA5, KIF11, MAD2L1, TK1, UHRF1; Fig. 7 ). Three of the 17 genes commonly upregulated in FLT mammary and HG mammary were indicative of lipid membrane metabolism: ACER2 (alkaline ceramidase 2), SGMS2 (sphingomyelin synthase 2), and MGST2 (microsomal glutathione S-transferase 2). Two genes commonly upregulated, FGL2 and TRIB1, respectively, encode fibrinogen-like 2 and tribbles homolog 1 and are involved in immune response. Interestingly, KLF4 (originally, gut KLF, Krüppel-like factor) was also commonly upregulated. KLF4 is one of the "magic four" transcription factors (others are Oct4, Sox2, and Myc) that can reprogram body cells to become stem cells.
There were 72 genes affected in FLT mammary P20 and HG mammary on L1 that were differentially changed (up vs. down, or vice versa), suggesting a continuum of response in expression levels across the gravitational fields. The majority of these genes (61) were upregulated in mammary due to exposure to spaceflight, but downregulated by exposure to the HG environment. Seven genes that regulate lipid/fatty acid biosynthesis [ATP citrate lyase (ACLY), 1-acylglycerol-3-phosphate Oacyltransferase 6 (AGPAT6), ACACA, FASN, 17-␤ hydrox- ysteroid dehydrogenase-12 (HSD17B12), acetoacetyl-CoA synthetase (AACS), and GTP binding protein 4 (GTPBP4)] were upregulated in spaceflight and downregulated in mammary of HG dams. ABCD4, CIDEA, and PLCXD2 were also upregulated in spaceflight and downregulated in HG. ABCD4 encodes ATP-binding cassette subfamily D member 4, which is involved in peroxisomal import of fatty acids and fatty acyl-CoAs into intracellular organelles. CIDEA, which encodes cell death-inducing DNA fragmentation factor and regulates secretion of milk lipids in mammary gland, was upregulated in FLT mammary but downregulated in HG. PLCXD2 encodes a phospholipid lipase that releases fatty acids from cell membranes. Furthermore, the upregulation in spaceflight and downregulation in HG environment of genes that encode proteins involved in ion and/or solute transport (SLC25A23, P2RY6, KCNK1, ATP2B2, ATP6V1C2) also supports a continuum of response in metabolic activity across gravitational fields in the mammary gland. Steady-state levels of transcripts coding for glucose and fatty-acid transport, as well as insulinsignaling pathway genes in HG animals, were validated by q-PCR (Fig. 5C ). Exposure to the HG environment from P9 to L1 had commonly affected expression of 219 Affymetrix probes sites, corresponding to 189 unique genes, in mammary and liver. Functional annotation analysis shows eight genes enriched the cell compartment ontology lysosome, and six genes [fucosidase, alpha-L-1 (FUCA1), metallothionein 1a (MT1A), B-cell CLL/lymphoma 10 (BCL10), dimethylaminohydrolase 1 (DDAH1), glucosidase, beta, acid (GBA), formin binding protein 1 (FNBP1)] were upregulated in both tissues. Nineteen genes commonly affected by HG in both mammary and liver enriched the biological process ontology lipid biosynthetic process, with the majority downregulated in both tissues as reported above. There were six genes that enriched the gene ontology response to DNA damage. Upregulated genes in this category include growth arrest and Fig. 4 . Impact of HG exposure from gestation day 9 to lactation day 1 on hepatic expression of genes in the KEGG pathways, insulin signaling pathway and degradation of valine, leucine, and isoleucine amino acids pathway. Modified from KEGG insulin signaling pathway has04910. Red, increased expression; green, decreased expression; white, no difference in expression between HG and 1-G controls. INS, insulin; INSR, insulin receptor; IRS3, insulin receptor substrate; ACACA, acetyl coenzyme A carboxylase; FASN, fatty acid synthase; GK, glucokinase; FBP, fructose-1,6-bisphosphatase, flotillin 2; PEPCK, phosphoenolpyruvate carboxykinase 1; APS, SH2 adaptor protein 2; CAP, sorbin and SH3 domain containing 1; CBL, Cbl proto-oncogene C; PI3K, phosphoinositide-3-kinase; CRK11, proto-oncogene C-crk; GRF2, Rap guanine nucleotide exchange factor; TC10, ras homolog family member Q; EXO70, exocyst complex component 7; CIP4/2, thyroid hormone receptor interactor 10; aPKC, protein kinase C; PDK1/2-3, phosphoinositide-dependent protein kinase-1; AKT, v-akt murine thymoma viral oncogene homolog 3; PDE3, phosphodiesterase 3A; PP1, protein phosphatase 1; GSK-3␤, glycogen synthase kinase 3␤; FOX01, forkhead box protein O1; SREBP 1C, sterol regulatory element binding transcription factor 1; AMPK, protein kinase; AMP, activated, GLUT-4, solute carrier family 2 (facilitated glucose transporter), member 4; PGC-1␣, peroxisome proliferator-activated receptor-␥, coactivator 1␣; G6PC, glucose-6-phosphatase; GYS, glycogen synthase 1; PHK, calmodulin-like 6; PKA, protein kinase A; PYG, phosphorylase, glycogen; HSL, hormone-sensitive lipase; ECHS1, enoyl coenzyme A hydratase, short chain, 1; BCKDHA, branched chain keto acid dehydrogenase E1, ␣-polypeptide; ACAT1, acetyl-coenzyme A acetyltransferase; PCCA, propionyl coenzyme A carboxylase, ␣-polypeptide; IVD, isovaleryl CoA dehydrogenase; ABAT, 4-aminobutyrate aminotransferase; HADH, hydroxyacyl-CoA dehydrogenase; HSD17B, 17␤-hydroxysteroid dehydrogenase.
DNA-damage-inducible, alpha (GADD45A) and ataxia telangiectasia mutated (ATM), which is recruited and activated by DNA double-strand breaks.
DISCUSSION
Transcriptomic analysis across tissues and physiological states support the notion that alterations in gravity affect circadian clocks, mechanotransduction, metabolism, cell proliferation and differentiation, immune response, and epigenetic modification (Fig. 8) . Here we discuss these changes in transcriptional signatures in relation to our previous studies and propose that spaceflight-or HG-induced changes in circadian and mechanotransduction systems are hierarchical to observed alterations in endocrine system, immune response, metabolism and cellular proliferation, and differentiation.
Impacts of spaceflight on mammary transcriptome and implications on metabolic function. Exposure to spaceflight increased mammary lipogenic capacity in late pregnancy, as measured by glucose incorporation into lipid (55) . Transcriptional signatures revealed here show increases in lipogenic capacity was mediated in part at the molecular level through increased expression of genes that encode enzymes that catalyze lipogenesis and a decrease in expression of enzymes that regulate lipid catabolism. In FLT mammary there was also an increase in expression of genes that encode RAB proteins and the milk protein WAP. RAB proteins mediate intracellular transport, are associated with milk globule membranes, and have been implicated in milk lipid secretion during lactation (22a, 43). Together, metabolic rate studies and molecular signature data support increased anabolic capacity and precocious development in mammary glands of late-pregnant rats exposed to spaceflight.
The FLT mammary transcriptional signatures suggest a suppression of the immune response, with the downregulation of STAT1 and 3, JAK3, BLNK, LCP2, LTB, HAVCR1, and CKL (Fig. 3A) . The molecular signature reflecting a suppression in immune response is consistent with previous spaceflight studies in humans and rodents that showed spaceflight exposure is associated with hypoplasia of lymphoid organs and decreased interferon production (25, 27, 74) .
Molecular signatures of FLT mammary support the idea that cell proliferation was inhibited in late pregnancy due to spaceflight exposure. Lower proliferation rates may have been due to a more differentiated state of mammary tissue from FLT dams as speculated above. Lower cellular proliferation may also be due to inhibition in cell types other than mammary epithelial cells, as mammary glands are composed of a mixed population of cells that also include fibroblasts, immune cells, nerve cells, adipocytes, and endothelial cells. Thus, molecular signatures that are indicative of lower rates of cellular proliferation in FLT mammary may also be associated with immune suppression signatures.
Impact of HG on metabolic transcriptomes in liver and implications on metabolic function. Hepatic metabolic capacity is significantly impaired during lactation when dams are exposed to 2 G (16, 45) . Consistent with previous q-PCR analysis, we found downregulation of genes involved in lipogenesis including ACACA, ACYL, and FASN in HG vs. control dams on the L1 (16). Molecular signatures also indicate that rates of glycolysis were suppressed in the liver of HG dams in both late pregnancy and at the onset of lactation. The clustering of upregulated genes in the KEGG pathway valine, leucine, and isoleucine degradation suggests that in the HG environment a greater level of protein catabolism occurs for energy generation or gluconeogenesis at the onset of lactation and likely reflects, in part, the lack of adipose reserves and leaner body composition of HG dams (45) . Molecular signatures together with metabolic studies (16, 45) support the conclusion that the extra energy investment in the HG environment overrides the normal maternal hepatic adaptations to pregnancy and lactation and limits the dam's ability to successfully reproduce as evident in the 50% mortality rate of pups.
Increased metabolic capacity of the liver during pregnancy and lactation is normally met in part by hepatocyte hyperplasia and hypertrophy (14) . Although we previously reported no difference in liver weights between control and HG dams (16) , molecular signatures suggest that pregnancy-and lactationassociated hepatic hyperplasia is reduced in the HG environment, as there was a downregulation in expression of CCND1 and CCNE1 as well as upregulation of CDKN1A cyclindependent kinase inhibitor 1A (p21, Cip1).
Impact of HG on metabolic transcriptomes in mammary and implications on metabolic function. Although exposure to spaceflight affected mammary transcriptome in late pregnancy, the HG environment had a minimal impact on global mammary gene expression on P20. We speculate the reason spaceflight (microgravity) exposure had a more profound impact was partly due to differences in gland metabolic activity. There was a threefold difference in mammary gland lipogenic capacity between FLT-and FDS-treated dams and a 50% reduction in lipogenic capacity on P20 in HG dams relative to 1-G controls (56) .
In contrast to late pregnancy, HG had a significant impact on mammary transcriptomes at the onset of lactation. Normally metabolic capacity of the gland dramatically changes with the onset of lactation, as demonstrated by a fourfold increase in rate of mammary lipid synthesis from late pregnancy to the onset of lactation in 1-G dams (16) . However, in the HG environment there was no change in rate of lipid synthesis between P20 and L1 (16) . Slow pup growth rates and high mortality rates accompanied the reduced metabolic capacity of mammary glands (16, 45) , suggesting impaired milk production in HG dams. Impaired milk production is also supported by molecular signatures of HG mammary, which showed enrichment of downregulated genes in lipid biosynthetic process, cellular amino acid biosynthetic process, carbohydrate biosynthetic process, and lactation gene ontologies. Impaired milk production in HG may also be due to a lower number of cells. In the mammary gland milk production is governed by number of mammary epithelial cells and metabolic capacity of mammary epithelial cells (40, 41) . In the first days postpartum there is normally a proliferative burst of milk-producing mammary epithelial cells (38) . The dramatic clustering of 42 genes downregulated in glands of HG dams in the KEGG pathway cell cycle suggests that proliferation of mammary cells in the HG environment was inhibited.
The lower cell number may have also been due to activation of pathways that initiate mammary involution, as evident in the enrichment of genes upregulated in mammary of HG dams into KEGG pathway lysosome and the regulation of programmed cell death and response to wounding ontologies (34) . Mam- (34) . It is normally initiated with milk stasis due to elimination of neonate suckling and proceeds through a nonclassical, lysosomal-mediated pathway of cell death (42, 57, 80) . Thus the upregulation of multiple cytokines and chemokines, IL6ST, STAT3, JAK2, and cathepsins B and L, in mammary of dams exposed to the HG environment supports not only immune activation but also activation of the Stat3 signaling pathway, indicative of initiation of the first stage of mammary involution.
Circadian clock alterations and potential implications on metabolic activity. The circadian timing system is essential for the generation and internal temporal coordination of biochemical, physiological, and behavioral rhythms, as well as for synchronizing these physiological oscillations with the external 24 h environment. On Earth regularly occurring environmental signals include light, food availability, exercise, stress, and gravity, with alterations in gravity shown to significantly affect circadian rhythms of behavior, hormones, body temperature, and metabolism (20, 22, 23, 31, 48, 58, 81) . The vestibular system is the primary vertebrate sensory system that detects changes in gravitational force (49) , and the central circadian clock in the suprachiasmatic nuclei (SCN) serves as one of the primary receivers of neural output from vestibular sensors. When circadian timing system function is disrupted, an organism's ability to respond appropriately to a physiological stressor is inhibited.
We previously reported that, in the HG environment, expression of core clock genes that establish circadian rhythms were affected in peripheral mammary and liver clocks (16) . Transcriptional signatures of FLT dams also showed changes in expression of multiple core clock and clock regulatory genes. Together these data suggest that the circadian timing system was affected in reproducing females by both microgravity and HG; however, the consequence of these changes is currently unknown. We propose that changes in the circadian timing system maybe partly responsible for changes in metabolic capacity and immune response across G loads.
On Earth, metabolism and circadian clocks are closely integrated to support the energetic needs of the organism linked to the daily timing of physiological and behavioral processes. We recently demonstrated that, during the transition from Fig. 5 . Genes affected in MG by exposure to HG environment from gestation day 9 to lactation day 1 in the KEGG pathways cell cycle (A) and lysosome (B). Validation of the impact of HG on glucose and fatty-acid transporter genes and insulin-signaling pathway transcripts at lactation day 1 in the MG (C), modified from hsa04110 and ko04142, respectively. Red, increased expression; green, decreased expression; white, no difference in expression between HG and 1-G controls. Solid line indicates direct effects, and dashed lined indicates indirect effects with intermediate steps; arrows indicate induction/activation, and perpendicular line indicates inhibition. In A; GSK3␤, glycogen synthase kinase 3␤; SCF, S-phase kinase-associated protein 1; SKP2, S-phase kinase-associated protein 2; p107, retinoblastoma-like 1; E2F4,5, E2F transcription factor 4; DP-1,2, transcription factor Dp-1; C-MYC, Myc proto-oncogene; MiZ1, zinc finger and BTB domain containing 17; INK4A-D, cyclin-dependent kinase inhibitor 2A-D; KIP1,2, cyclin-dependent kinase inhibitor 1B; CIP1, cyclin-dependent kinase inhibitor 1A; CYC, cyclin A,B,D,E,H; CDK, cyclin-dependent kinase 1,2,4,6,7; RB, retinoblastoma; ABL, ABL proto-oncogene 1; HDAC, histone deacetylase 1; WEE, WEE1 homolog 2; MYT1, protein kinase, membraneassociated tyrosine/threonine 1; DBF4, DBF4 zinc finger; PLK1, polo-like kinase 1; CHK, 1,2 checkpoint kinase 1,2; PCNA, proliferating cell nuclear antigen; GADD45, growth arrest and DNA-damage-inducible-␥; APC/C, anaphase promoting complex subunit 10; CDH1, fizzy/cell division cycle 20 related 1; MEN, multiple endocrine neoplasia type 1; BUB,1,2,3, BUB mitotic checkpoint protein; BUBR, BUB1 mitotic checkpoint serine/threonine kinase B; 14-3-3, protein ␤//; MAD1,2, mitotic arrest deficient-like 1,2; MPS1, TTK protein kinase; P53, tumor suppressor p53; ARF, cyclin-dependent kinase inhibitor 2A; MDM2, MDM2 proto-oncogene, E3 ubiquitin protein ligase; P300, CREB binding protein; DNAPK, protein kinase, DNA-activated, catalytic polypeptide; ATMATR, ATM serine/threonine kinase; SMC, structural maintenance of chromosomes; STAG1,2, stromal antigen 1; RAD21, RAD21 homolog; ESP1, extra spindle pole bodies homolog 1; PITTG, pituitary tumortransforming 2. Note, missing from figure are minichromosome maintenance genes (MCM2-6) and origin recognition complex (ORC-1,-6), all of which were downregulated. In B: AGA, aspartylglucosaminidase; CLN5, ceroid-lipofuscinosis, neuronal 5; LAMP1, lysosomal-associated membrane protein 1; CTSF, cathepsin F, CD63; LAMP2, lysosomal-associated membrane protein 2; CTSB, cathepsin B; SCARB2, scavenger receptor class B, member 2; TPP1, tripeptidyl peptidase I; LGMN, legumain; ENTPD4, ectonucleoside triphosphate diphosphohydrolase 4; GAA, glucosidase-␣ acid; AMP3M2, adaptor-related protein complex 3, 2-subunit; CTSL1, cathepsin L1; CTSA, protective protein for ␤-galactosidase; GNS, glucosamine (N-acetyl)-6-sulfatase; ARS, arylsulfatase A; FUCA1, fucosidase-␣L, 1, tissue; gba, glucosidase-␤ acid; HEXA, hexosaminidase A; ACP2, acid phosphatase 2, lysosomal; PLA2G15, phospholipase A2, group XV; HEXB, hexosaminidase B. In C: black bar, HG; white bar, 1 G. GLUT1, glucose transporter 1; GLUT4, glucose transporter 4; SGLT, sodium-dependent glucose cotransporter; INSR, insulin receptor; IRS1, insulin receptor substrate 1 IRS2, insulin receptor substrate 2; FABP1, fatty acid binding protein 1; FATP1, fatty acid transport protein 1; CAV1, caveolin-1; CAV2, caveolin-2. Reference gene was B2M. Values are means ϩ SE of relative expression; *Difference at P Ͻ 0.01.
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FLT-MG HG-LV ATP2B2 pregnancy to lactation, robustness of both liver and SCN clocks increases with the onset of lactation (17) . Timing of the liver clock appeared to remain synchronized with the central clock, and greater robustness of liver clock likely reflects increased metabolic output of this organ during lactation. The hepatic clock is known to regulate many of the genes important to generation of substrates (i.e., glucose and lipids) for milk synthesis. Transcriptome analysis shows that many of these genes (e.g., PEPCK, ACACA, FASN, ACYL, and PC) were suppressed in the liver of HG dams. In the present study, experimental design precluded testing whether robustness of the hepatic clock was suppressed by HG, but studies by others report that HG exposure attenuates circadian rhythms of core body temperature in rodents (48) . Circadian rhythms of core body temperature are regulated by the central clock in the SCN, and oscillations in body temperature entrain the timing of peripheral clocks (12) . Therefore, we speculate that disruption of the circadian timing system in part leads to the liver's diminished metabolic response to the onset of lactation.
In the mammary gland changes in core clock mechanism during the periparturient period appear to be associated with differentiation of the gland (17). Thus we speculate that changes in mammary clocks due to gravity alterations affected the state of differentiation, with precocious development of FLT mammary and a failure to achieve full secretory activation in HG mammary. In addition, circadian rhythms of glucocorticoids are a major output of the central clock. In turn glucocorticoids are potent inputs to molecular clocks, including the mammary clock (17) . Our previous studies showed that HG exposure significantly suppresses plasma corticosterone in both pregnant and lactating dams (16) , while exposure to microgravity increases basal levels of glucocorticoids in humans (26) and rats (47) . Antenatal treatment with high doses of glucocorticoids induces precocious mammary secretion before parturition (29) . Thus, differences in glucocorticoids across G loads may be mediating the continuum in response in metabolism and mammary development in part through the circadian timing system. Differences in glucocorticoid levels across G loads may also be stimulating continuum of immune response evident in mammary transcriptomes. High levels of glucocorticoids are known to suppress immune responses, while low levels are permissive to inflammation. The molecular signature of FLT mammary was indicative of immune repression, while that of HG mammary was indicative of activation of inflammatory responses through the Stat3-Jak pathway. These same signa- tures may also reflect states of mammary differentiation across the G loads with a more differentiated state in FLT mammary and initiation of involution in HG. However, it is important to point out hepatic transcriptomes of HG-treated dams were also indicative of activation of immune and wounding responses, which supports a continuum of the immune response across gravity load. Whether alterations in the circadian timing system are causing the changes in levels of glucocorticoids, which in turn affect metabolic capacity and immune repose directly and/or indirectly through circadian clocks in peripheral tissues will need further experimentation, although it is important to note that supplementation of pregnant females with glucocorticoids alone did not mitigate the negative impact of HG on dam metabolic capacity or pup survival (53) .
Transcriptional signatures of mechanotransduction and potential influence on states of proliferation and differentiation.
On Earth gravity plays a central role in development and evolution. During development, when body mass increases, the musculoskeleton must be able to adapt by increasing size, and mechanical forces required to do the work (mechanical energy) of locomotion must be sensed by cells and converted into chemical energy (synthesis of new tissue) (71) . The extracellular matrix (ECM) transduces internal and external mechanical signals into changes in tissue structure and function through mechanotransduction. Changes in the equilibrium between internal and external forces acting on ECMs and changes in mechanotransduction processes appear to be important mechanisms by which mammals adjust their needs to store, transmit, and dissipate energy required during development and movement of the body (71) . Altering the level of forces that are transmitted to the internal cytoskeleton produces cell distortion and changes intracellular biochemistry, which switch cells between growth, differentiation, and apoptosis (35) .
Exposure to spaceflight and HG alters gravitational forces acting on the animal. Transcriptome analysis supports the idea that changes in the equilibrium between internal and external forces through exposure to spaceflight or HG activates mechanotransduction pathways. For example, in the HG environment there was a clustering of genes in ontologies related GTPbinding/GTPase activity, cytoskeleton, and cell attachment in both of these tissues. Mechanical signals in bone cells are mediated by prostaglandin E2 (PGE2), with levels of PGE2 in bone cells affected by exposure to microgravity (39) . MGST2, which encodes a member of the membrane-associated protein in eicosanoid and glutathione metabolism family, which is involved in PGE2 production, was commonly upregulated in FLT mammary and HG mammary, suggesting that alterations in gravity affect similar regulatory mechanochemical-transduction pathways across varying cell types.
Comparative analysis across G load within mammary supports the contention that physiological/cellular response varied with different gravitational forces, as genes common to FLT mammary and HG mammary that clustered in cytoskeletal part tended to show a continuum of response across the fields. For example, the Src kinase, Lyn, which interacts with intracellular domains of growth factor/cytokine receptors, G protein-coupled receptors, and integrins, was upregulated in HG mammary but downregulation in FLT mammary gland. Src kinases are key upstream mediators of multiple signaling pathways and have been shown to have important roles in cell proliferation, migration, and survival. Multiple kinesins were downregulated in HG mammary relative to 1-G controls but upregulated in FLT mammary. Furthermore, sarcolemma-associated protein (SLMAP), part of the microtubule organizing center, was downregulated in HG mammary and upregulated in FLT mammary.
When interpreting the impact of gravity alterations on mammary transcriptomes, it is important to consider that mechanotransduction pathways are likely driving the changes in mammary morphology and differentiation states that occur normally during the periparturient period (21, 70) . Our previous transcriptome analysis of the impact of the transition from pregnancy to lactation highlighted changes in ECM as well as accompanied changes in cytoskeletal parts, particularly actin cytoskeleton, and genes that encode integrin subunits (15, 51) . These changes in mechanotransduction on Earth enable secretory activation of the gland. Therefore, it is interesting to speculate that changes in mechanotransduction pathways led to the differences in metabolism and cell proliferation, differentiation, and death between ground controls and FLT or HG treatments.
Alterations in gravity-activated genes that modify chromatin structure and methylation suggest that adaptation to changes in gravity proceeds through epigenetic change. Epigenetic changes, in particular DNA methylation, occur in response to various signals, including environmental stress. Epigenetic changes are inherited mitotically in somatic cells, providing a potential mechanism by which environmental effects on the epigenome can have long-term effects on gene expression (37) . Epigenetic modification is catalyzed by a family of enzymes called DNA methyltransferases. Expression of DNMT3, which encodes DNA (-cytosine-5) methyltransferase 3␣ was decreased in FLT mammary but increased in HG mammary relative to their respective 1-G controls. DNMT3A is referred to as a de novo methyltransferase and produces new DNA methylation marks (75) . In contrast DNMT1, which encodes DNA methyltransferase 1, was downregulated in HG mammary. DNMT1 maintains methylation patterns established in development and thus maintains epigenetic inheritance.
Examination of commonly affected genes showed the upregulation of KLF4 in FLT mammary as well as HG liver and HG mammary transcriptomes at L1. KLFs are a zinc finger family of transcription factors that regulate cellular differentiation and tissue development in part via chromatin modification. KLF4 in particular has been implicated in the reprogramming of somatic cells into induced pluripotent stem cells through the downregulation of DNA methylation on certain gene promoter sites (28), i.e., inducing epigenetic change.
Members of the forkhead/winged helix transcription factor family were also affected by alterations in gravity. For example, FOXN3 was upregulated in mammary of spaceflightexposed dams, and FOXP1 and FOXQ1 were upregulated in HG mammary. FOX proteins play important roles in regulating the expression of genes involved in cell growth, proliferation, differentiation, and longevity. FOX proteins have pioneering transcription activity, as they are able to bind condensed chromatin. They have positive and negative effects on transcription and function to recruit other transcription factors and histone modification enzymes as well as control DNA methylation. Collectively, these data support the view that adaptation to alterations in the gravity environment proceeds through epigenetic changes in DNA methylation.
Impact of HG exposure on adipose transcriptome. Finally, it is important to address our surprise at the lack of a significant number of differentially expressed genes in abdominal adipose between HG and control animals. We therefore explored whether a less conservative package, LIMMA, would show the same trends in adipose tissue as we observed for mammary and liver. In adipose, very few genes were significantly different during pregnancy. However, in lactating animals, 426 genes were downregulated and 679 were upregulated when we compared HG to controls (adjusted P Ͻ 0.01). Functional annotation cluster analysis of the LIMMA data showed lactating HG control upregulated genes clustered in cell cycle, annexins, and cytoskeleton and downregulated clustered in lysosome and immune response. These data support our more stringent analysis that was obtained with MAANOVA; i.e., the normal response to the onset of lactation was negatively affected by the HG environment. Importantly the differentially expressed genes identified in adipose include genes that modify chromatin (epigenetic), regulate clocks, and mechanotransduction pathways. Because we list gene names in this article, we felt it was important to utilize the more conservative approach, MAANOVA, to minimize false positives but were glad to see that the LIMMA analysis supported these conclusions for all three tissues.
Conclusion
An important feature of -omics, in particular transcriptomic analysis, is application as a "tool for discovery." Use of -omics tools has the capacity to greatly enhance our understanding of fundamental space biology as they allow a more complete and comprehensive analysis of biological samples for discovery of new pathways that are altered by gravity. Our analysis presented here is the first to look at the impact of alterations in gravity on metabolic tissues in reproducing mammals. The impact of gravity alterations on transcriptomes varied with tissue type and reproductive state of female animals, with more profound effects of HG exposure on transcriptomes coincident with increased metabolic demand of lactation.
The aggregate analysis of transcriptomic data across different gravitational loads and tissues revealed that alterations in gravity affect the circadian system and activate mechanotransduction pathways. We believe that changes evident in immune response, metabolic capacity, cell proliferation, and differentiation pathways are mediated in part by gravity-induced changes in these "hierarchical" environmental sensing systems. Changes in expression of genes that modify chromatin structure and methylation suggest that long-term adaptation to alterations in gravity leads to epigenetic changes in DNA. Future studies on transgenerational effects of long-term spaceflight will be needed to support this hypothesis.
To support the growth of the fetus during pregnancy and neonate during lactation, dramatic changes in maternal hormonal milieu and metabolism occur. Our spaceflight and HG studies demonstrated that normal maternal adaptations in metabolism and hormones to the reproductive states of pregnancy and lactation are affected by alterations in gravity, with HG exposure throughout pregnancy and lactation resulting in 50% mortality of offspring. Together with our previous studies, transcriptomic analysis supports the notion that the negative impact of 2-G HG exposure on maternal metabolic adaptations to reproductive states is hierarchical to changes in systemic hormones and tissue enzyme activity and suggests that alterations in clocks as well as mechanotransduction factors are likely mediators.
